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PREFACE 

The s t u d y  h e r e i n  was a u t h o r i z e d  by t h e  H e a d q u a r t e r s ,  US Army C o r p s  o f  

E n g i n e e r s  (HQUSACE), C o a s t a l  E n g i n e e r i n g  Area o f  C i v i l  Works R e s e a r c h  a n d  

Deve lopment .  Work was p e r f o r m e d  u n d e r  t h e  C h a r a c t e r i s t i c s  o f  Long-Per iod  

Waves i n  t h e  S u r f  Zone,  Work U n i t  32430,  S h o r e  P r o t e c t i o n  a n d  R e s t o r a t i o n  

Program a t  t h e  C o a s t a l  E n g i n e e r i n g  R e s e a r c h  C e n t e r  (CERC), US Army E n g i n e e r  

Waterways E x p e r i m e n t  S t a t i o n  (WES). T e c h n i c a l  m o n i t o r s  were Messrs. J o h n  H .  

L o c k h a r t ,  J r . ,  a n d  J o h n  G. H o u s l e y ,  HQUSACE. CERC Program Manager was 

Dr. C.  Linwood V i n c e n t .  

A g r o w i n g  body o f  knowledge documents  t h e  i m p o r t a n c e  o f  wave e n e r g y  i n  

t h e  i n f r a g r a v i t y  f r e q u e n c y  r a n g e  (wave p e r i o d s  be tween  20 a n d  3 0 0  s e c ) .  Most 

i m p o r t a n t  t o  t h e  c o a s t a l  e n g i n e e r  a r e  f i e l d  m e a s u r e m e n t s  which i n d i c a t e  t h a t ,  

p a r t i c u l a r l y  d u r i n g  s t o r m s ,  i n f r a g r a v i t y  m o t i o n s  c a n  d o m i n a t e  t h e  s u r f  z o n e  

e n e r g y  s p e c t r u m  a n d  a r e  r e s p o n s i b l e  f o r  t h e  h i g h e s t  run-up a n d  swash  m o t i o n s .  

P r e s e n t  n u m e r i c a l  a n d  p h y s i c a l  mode ls  do  n o t  y e t  i n c l u d e  i n f r a g r a v i t y  wave 

m o t i o n s .  The p u r p o s e  o f  t h i s  r e p o r t  is  t o  s e r v e  a s  a n  i n t r o d u c t o r y  t e x t  o n  

i n f r a g r a v i  t y  wave m o t i o n s .  

The r e p o r t  was p r e p a r e d  by Dr. J o a n  Oltman-Shay, Oregon State  U n i v e r -  

s i t y ,  a n d  Mr. Kent K .  Hathaway,  F i e l d  R e s e a r c h  F a c i l i t y  Croup  o f  CERC. The  

r e p o r t  was p r e p a r e d  u n d e r  t h e  s u p e r v i s i o n  o f  Mr. Thomas W .  R i c h a r d s o n ,  C h i e f ,  

E n g i n e e r i n g  Development  D i v i s i o n ,  and u n d e r  t h e  g e n e r a l  s u p e r v i s i o n  o f  

Dr. J a m e s  R .  Hous ton  and  Mr. C h a r l e s  C .  Ca lhoun ,  J r . ,  C h i e f  a n d  A s s i s t a n t  

C h i e f ,  CERC, r e s p e c t i v e l y .  T h i s  r e p o r t  was e d i t e d  by Ms. Nancy J .  J o h n s o n ,  

I n f o r m a t i o n  P r o d u c t s  D i v i s i o n ,  I n f o r m a t i o n  Technology  L a b o r a t o r y ,  WES, u n d e r  

t h e  I n t e r p e r s o n n e l  Agreement A c t .  

A c t i n g  Commander and  D i r e c t o r  o f  WES d u r i n g  p r e p a r a t i o n  o f  t h i s  r e p o r t  

was LTC J a c k  R .  S t e p h e n s ,  EN. T e c h n i c a l  D i r e c t o r  was Dr. R o b e r t  W .  W h a l i n .  
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INFRAGRAVITY ENERGY A N D  ITS IMPLICATIONS IN NEARSHORE 

SEDIMENT TRANSPORT AND SANDBAR DYNAMICS 

PART I : INTRODUCTION 

1 .  The  s t u d y  o f  e x t r e m e  r u n u p  d u r i n g  s t o r m  c o n d i t i o n s  is  a t o p i c  o f  v i t a l  

i n t e r e s t ,  m o t i v a t e d  i n  p a r t  by t h e  c o s t s  i n c u r r e d  f rom c o a s t a l  e r o s i o n  a n d  

s t r u c t u r e  damage.  T e c h n i c a l l y ,  r u n u p  refers t o  t h e  maximum e l e v a t i o n  o f  wave 

e x c u r s i o n  u p  t h e  s h o r e l i n e  a b o v e  t h e  s t i l l - w a t e r  l e v e l .  C o n t r i b u t i n g  compo- 

n e n t s  t o  r u n u p  are s e t  u p  d u e  t o  b r e a k i n g  i n c i d e n t  wind waves a n d  swash  m o t i o n  

a b o u t  t h e  s e t u p .  S e t u p  is a w e l l - u n d e r s t o o d  phenomenon ( L o n g u e t - H i g g i n s  a n d  

S t e w a r t  1964)  a n d  c a n  be p r e d i c t e d  and mode led .  Swash ,  however ,  is more com- 

p l e x ,  composed o f  a  f u l l  s p e c t r u m  o f  m o t i o n s .  E n e r g e t i c  swash  m o t i o n  c o n t a i n s  

b o t h  wind wave ( 1  t o  2 0  s e c )  and  i n f r a g r a v i t y  ( 3 0  s e c  t o  s e v e r a l  m i n u t e s )  

p e r i o d  o s c i l l a t i o n s  ( F i g u r e  1 ) .  Swash m o t i o n  a t  wind wave f r e q u e n c i e s  is 

f o u n d  t o  d o m i n a t e  on s t e e p ,  r e f l e c t i v e  b e a c h e s  where  i n c i d e n t  waves h a v e  n o t  

f u l l y  d i s s i p a t e d .  On t h e  o t h e r  h a n d ,  i n f r a g r a v i t y  f r e q u e n c y  swash  m o t i o n s  

d o m i n a t e  o n  s h a l l o w - s l o p e d ,  d i s s i p a t i v e  b e a c h e s  (Holman 1 9 8 1 ;  Guza a n d  

T h o r n t o n  1 9 8 2 ;  Holman and  S a l l e n g e r  1985 ; Holman 1 9 8 6 ) .  On a f u l l y  

P e r i o d  2 4  h 12 h 5 m i n  3 0  s  I s  0.1 r 
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F i g u r e  1 .  Approx imate  d i s t r i b u t i o n  o f  o c e a n  s u r f a c e  wave e n e r g y  
i l l u s t r a t i n g  t h e  c l a s s i f i c a t i o n  o f  s u r f a c e  waves by wave b a n d ,  

p r i m a r y  d i s t u r b i n g  f o r c e ,  and  p r i m a r y  r e s t o r i n g  f o r c e  



d i s s i p a t i v e  beach ,  t h e  i n c i d e n t  wind wave energy  is obse rved  t o  l i n e a r l y  

d e c r e a s e  from a maximum a t  t h e  b r e a k e r  l o c a t i o n  t o  z e r o  a t  t h e  s h o r e l i n e  ( F i g -  

u r e  2 ) .  Any i n c r e a s e  i n  wind wave h e i g h t  s e r v e s  o n l y  t o  b roaden  t h e  s u r f  zone  

a n d  n o t  t o  i n c r e a s e  l o c a l  s u r f  o r  swash a t  wind wave f r e q u e n c i e s .  However, 

i n c r e a s e d  wind wave h e i g h t s  o f f s h o r e  w i l l  i n c r e a s e  s u r f  and  swash a t  i n f r a -  

g r a v i t y  f r e q u e n c i e s  (Holman 1981;  Guza and Thornton  1982;  Holman and  S a l l e n g e r  

1985 ; Holman 1986) . 
2 .  R e f l e c t i v e  beaches  o f t e n  become d i s s i p a t i v e  d u r i n g  s t o r m s  a n d ,  as 

s u c h ,  e x p e r i e n c e  i n f r a g r a v i t y  dominance. I n f r a g r a v i t y  band ene rgy  may t h e r e -  

f o r e  b e  o f  t remendous  s i g n i f i c a n c e  t o  some c o a s t s  and man-made s t r u c t u r e s ,  

d o m i n a t i n g  many s h o r e l i n e s  d u r i n g  s to rm c o n d i t i o n s  when e r o s i o n  and  sed imen t  

t r a n s p o r t  a r e  most a c u t e .  R e s e a r c h e r s  a r e  o n l y  now b e g i n n i n g  t o  a p p r e c i a t e  

the  u b i q u i t o u s  n a t u r e  o f  i n f r a g r a v i t y  energy  and a r e  fa r  from f u l l y  under -  

s t a n d i n g  its g e n e r a t i o n  and b e h a v i o r .  However, i t  is known t h a t  i n  t h e  q u e s t  

f o r  good working models  t h a t  p r e d i c t  t h e  dynamics o f  t h e  n e a r s h o r e ,  i n f r a g r a v -  

i t y  ene rgy  c a n n o t  be d i s c o u n t e d .  

3 .  The pu rpose  o f  t h i s  r e p o r t  is t o  i n t r o d u c e  t h e  r e a d e r  t o  t h e  i n f r a -  

g r a v i t y  ene rgy  band o f  n e a r s h o r e  mo t ions  and t o  e x p l o r e  p a s t  and p r e s e n t  

i n f r a g r a v i t y  r e s e a r c h  t h a t  h a s  h e l p e d  i n  u n d e r s t a n d i n g  t h e  n a t u r e  o f  t h i s  

e n e r g y .  I n  p a r t i c u l a r ,  a t t e n t i o n  w i l l  be  g i v e n  t o  r e s e a r c h  t h a t  a d d r e s s e s  t h e  

i m p o r t a n c e  o f  t h e  i n f r a g r a v i t y  band,  i m p l i c a t i n g  i t  i n  s u r f  and swash zone  

- EDGE WAVE AMPLITUDE 

---- INCIDENT WAVE AMPLITUDE 

F i g u r e  2 .  O f f s h o r e  t r a n s e c t  showing r e s p o n s e  o f  i n c i d e n t  wave 
( d a s h e d  l i n e s )  and l o n g  wave ( s o l i d  l i n e s )  ene rgy  t o  s t o r m  and 

calm c o n d i t i o n s  ( a f t e r  Holman 1983) 



s e d i m e n t  t r a n s p o r t .  The f r e q u e n c y  b a n d ,  its wave c o n t e n t ,  and  t h e o r i z e d  gen-  

e r a t i o n  mechanisms w i l l  be  i n t r o d u c e d .  F i e l d  s t u d i e s  t h a t  a d d r e s s  t h e s e  

i s s u e s  a n d  d e m o n s t r a t e  t h e  r e l a t i v e  c o n t r i b u t i o n  of i n f r a g r a v i t y  e n e r g y  t o  t h e  

n e a r s h o r e ,  and its r o l e  i n  s e d i m e n t  t r a n s p o r t  and  s a n d b a r  g e n e r a t i o n  w i l l  b e  

e x a m i n e d .  A d i s c u s s i o n  o f  f u t u r e  r e s e a r c h  n e e d s  w i l l  f o l l o w .  I n  Appendix A 

a n  a n n o t a t e d  b i b l i o g r a p h y  is i n c l u d e d  t o  f u r t h e r  s e r v e  t h e  r e a d e r ,  a n d  i n  

Appendix B s y m b o l s  a n d  a b b r e v i a t i o n s  a r e  l i s t e d  a n d  i d e n t i f i e d .  



PART 11: INFRAGRAVITY WAVE DYNAMICS 

Long Wave C a t e g o r i e s  

4 .  O r i g i n a l l y ,  t h e  term " i n f r a g r a v i t y "  i d e n t i f i e d  t h e  band  o f  f r e q u e n c y  

t h a t  c o n t a i n s  f l u i d  m o t i o n s  f a l l i n g  between t h o s e  o f  t h e  w i n d - g e n e r a t e d  s u r -  

face g r a v i t y  waves a n d  a s t r o n o m i c a l  t i d e s .  However,  i t  h a s  become more s p e -  

c i f i c a l l y  i d e n t i f i e d  w i t h  n e a r s h o r e  m o t i o n s  o f  p e r i o d s  f rom 30 sec t o  s e v e r a l  

m i n u t e s  ( F i g u r e  1 ) .  Munk ( 1 9 4 9 )  and T u c k e r  ( 1 9 5 0 )  were t h e  f i r s t  t o  o b s e r v e  

i n f r a g r a v i t y  m o t i o n s .  U s i n g  wave p r e s s u r e  r e c o r d e r s ,  t h e y  f o u n d  small b u t  

m e a s u r a b l e  m o t i o n s  300 m o f f s h o r e  w i t h  p e r i o d s  o f  2 t o  3 min.  ( L a t e r  s t u d i e s  

h a v e  shown t h a t  t h e s e  m o t i o n s  a r e  l a r g e r  c l o s e r  t o  s h o r e . )  

5 .  S i n c e  t h e s e  e a r l y  o b s e r v a t i o n s ,  r e s e a r c h e r s  h a v e  come t o  u n d e r s t a n d  

t h a t  i n f r a g r a v i t y  e n e r g y  is composed o f  o r g a n i z e d  m o t i o n s  i n  t h e  fo rm o f  l o n g  

waves .  T h e s e  waves f a l l  i n t o  t h r e e  c a t e g o r i e s .  They a r e  ( a )  f o r c e d  l o c a l l y  

by t h e  wind wave g r o u p s  a n d  bounded t o  them,  t r a v e l i n g  a t  t h e  g r o u p  v e l o c i t y  

o f  t h e  wind waves (bounded  l o n g  w a v e s ) ;  ( b )  f o r c e d  n o n l o c a l l y  by t h e  wind 

waves i n  s h a l l o w  water, f r e e l y  p r o p a g a t i n g  and  r e f r a c t i v e l y  t r a p p e d  t o w a r d  t h e  

s h o r e l i n e  ( e d g e  w a v e s ) ;  and  ( c )  f o r c e d  n o n l o c a l l y  i n  d e e p  o r  s h a l l o w  water, 

f r e e l y  p r o p a g a t i n g  a n d  e s c a p i n g  o u t  t o  d e e p  w a t e r  upon r e f l e c t i o n  a t  t h e  

s h o r e l i n e  ( l e a k y  w a v e s ) .  Edge a n d  l e a k y  waves are f r e e  s u r f a c e  g r a v i t y  w a v e s ,  

free t o  p r o p a g a t e  away f rom t h e  g e n e r a t i o n  s o u r c e .  Bounded l o n g  w a v e s ,  a s  

t h e i r  name i m p l i e s ,  m u s t  r e m a i n  w i t h  t h e  f o r c i n g .  

F r e e  S u r f a c e  G r a v i t y  Waves 

Edge waves 

6. The e d g e  wave was f i r s t  p o s t u l a t e d  as a component  o f  i n f r a g r a v i t y  

e n e r g y  by I s a a c s ,  W i l l i a m s ,  and  E c k a r t  ( 1 9 5 1 )  i m m e d i a t e l y  f o l l o w i n g  t h e  

o b s e r v a t i o n s  by Munk ( 1 9 4 9 )  and  Tucker  ( 1 9 5 0 ) .  I s s a c s ,  Williams, a n d  E c k a r t  

c o n c e i v e d  o f  t h e  n o t i o n  o f  t h e  t o p o g r a p h i c a l l y  t r a p p e d  e d g e  wave. T h i s  

s h a l l o w - w a t e r  s u r f a c e  g r a v i t y  wave would t r a v e l  a l o n g s h o r e  i n  a n a t u r a l  wave 

g u i d e ,  t r a p p e d  o n  o n e  s i d e  by r e f l e c t i o n  a t  t h e  s h o r e l i n e  a n d  on t h e  o t h e r  

s i d e  by r e f r a c t i o n  o v e r  a s l o p i n g  b a t h y m e t r y .  



Leaky  waves 

7 .  The complement  t o  t h e  edge  wave is t h e  l e a k y  wave which  e s c a p e s  t o  

d e e p  water upon r e f l e c t i o n  a t  t h e  s h o r e l i n e .  ( I t  s h o u l d  b e  n o t e d  h e r e  t h a t  

" d e e p  w a t e r "  a n d  " s h a l l o w  w a t e r "  a r e  r e l a t i v e  terms. S u r f a c e  g r a v i t y  waves a t  

t h e s e  low f r e q u e n c i e s  h a v e  w a v e l e n g t h s  l o n g e r  t h a n  wind waves .  T h e r e f o r e ,  

s h a l l o w  w a t e r  e x t e n d s  f a r t h e r  o f f s h o r e  f o r  t h e s e  w a v e s . )  The  d i f f e r e n c e  

b e t w e e n  l e a k y  and  e d g e  waves is t h a t  t h e  e d g e  wave t r a v e l s  o n l y  i n  s h a l l o w  

w a t e r ,  c o n c e n t r a t i n g  i ts e n e r g y  toward  t h e  s h o r e l i n e ,  w h e r e a s  t h e  l e a k y  wave 

w i l l  e v e n t u a l l y  t r a v e l  far  enough f rom s h o r e  t o  b e  e f f e c t i v e  i n  d e e p  water, n o  

l o n g e r  r e f r a c t i n g  a n d  l o s t  f o r e v e r  f rom t h e  n e a r s h o r e .  

8. T h e s e  two wave t y p e s  d i f f e r  i n  t h e  g e o m e t r y  o f  t h e i r  a p p r o a c h  t o  t h e  

s h o r e l i n e .  Leaky waves c a n  a p p r o a c h  f rom d e e p  o r  s h a l l o w  water, w h e r e a s  e d g e  

waves  m u s t  b e  s h a l l o w - w a t e r  g e n e r a t e d  ( i f  t h e  n e a r s h o r e  h a s  p l a n e - p a r a l l e l  

b a t h y m e t r y ) .  T h e s e  d i f f e r e n c e s  c a n  b e s t  b e  u n d e r s t o o d  by f o l l o w i n g  t h e  p r o p -  

a g a t i o n  p a t h  o f  a  s i n g l e  l e a k y  wave. A wave t h a t  is g e n e r a t e d  i n  d e e p  water 

w i l l  a p p r o a c h  s h a l l o w  w a t e r ,  r e f r a c t i n g  t o  a  more normal  a n g l e  o f  i n c i d e n c e ,  

ref lect ,  and  t r a v e l  o f f s h o r e .  As it t r a v e l s  o f f s h o r e ,  t h e  wave w i l l  f o l l o w  

t h e  m i r r o r e d  p a t h  o f  i ts a p p r o a c h  p a t h  a n d  t h e r e f o r e  w i l l  n o t  t u r n  e n o u g h  t o  

a g a i n  a p p r o a c h  t h e  s h o r e l i n e ,  b u t  i n s t e a d  w i l l  e s c a p e  t o  d e e p  water. S o ,  by 

t h i s  a r g u m e n t ,  i f  t h e  wave is g e n e r a t e d  i n  d e e p  w a t e r ,  i t  w i l l  r e t u r n  t o  d e e p  

water. T h u s ,  e d g e  waves c a n  b e  s h a l l o w - w a t e r  g e n e r a t e d  o n l y ,  w h e r e a s  l e a k y  

waves  c a n  be s h a l l o w -  o r  d e e p - w a t e r  g e n e r a t e d .  

9 .  F r e e l y  p r o p a g a t i n g  (unbounded)  i n f r a g r a v i t y  waves a r e  n o t  w i t h o u t  

m a t h e m a t i c a l  f o u n d a t i o n ;  t h e y  are t h e  s o l u t i o n s  t o  t h e  homogeneous ( u n f o r c e d )  

e q u a t i o n s  o f  m o t i o n .  S t o k e s  ( 1 8 4 6 )  a c t u a l l y  n o t e d  t h e  e d g e  wave s o l u t i o n  t o  

t h e  e q u a t i o n s  o f  m o t i o n  b u t  c o n s i d e r e d  i t  o n e  o f  t h o s e  m a t h e m a t i c a l  c u r i o s i -  

t i e s  w i t h o u t  a n y  p h y s i c a l  r e l e v a n c e  (Lamb 1 9 3 2 ) .  E c k a r t  ( 1 9 5 1 ) ,  f o l l o w i n g  u p  

on t h e  p h y s i c a l  d e s c r i p t i o n  o f  I s a a c s ,  Williams, and  E c k a r t  ( 1 9 5 1 ) ,  found  t h e  

e d g e  wave s o l u t i o n s  f o r  t h e  l i n e a r  s h a l l o w - w a t e r  e q u a t i o n s  o n  a p l a n e - p a r a l l e l  

b e a c h .  Soon a f t e r w a r d s ,  Ursell (1952) f o u n d  e d g e  wave s o l u t i o n s  o n  a p l a n e  

b e a c h  u s i n g  t h e  f u l l  l i n e a r  e q u a t i o n s  o f  m o t i o n .  A m a t h e m a t i c a l  d e s c r i p t i o n  

f o r  e d g e  waves c a n  b e  w r i t t e n  as f o l l o w s :  



where* 

q =  e l e v a t i o n  

x  a n d  y  = c r o s s - s h o r e ,  l o n g s h o r e  c o o r d i n a t e s  

x = 0,  s h o r e l i n e ,  i n c r e a s e  o f f s h o r e  

t = t i m e  

a  = e d g e  wave s h o r e l i n e  amp1 i t u d e  

I$ = c r o s s - s h o r e  a m p l i t u d e  f u n c t i o n  

k  = 2n/L 

a = 2a /T  

k  a n d  o = l o n g s h o r e  wave numbers ,  r a d i a l  f r e q u e n c y  

L  a n d  T = l o n g s h o r e  w a v e l e n g t h ,  p e r i o d  

T h e r e  c a n  b e  a number o f  e d g e  wave modes a t  a g i v e n  f r e q u e n c y  t h a t  s a t i s f y  t h e  

boundary  c o n d i t i o n s  o f  t h e  n e a r s h o r e  w a v e g u i d e .  On a p l a n e  b e a c h  o f  s l o p e ,  

B , e d g e  wave modes s a t i s f y  t h e  r e l a t i o n ,  

Z 
o = g k s i n  ( 2 n  + l ) B  ; n  = 0 ,  1 ,  2 . . .  and ( 2 n +  l ) B  < a / 2  ( 2 )  

where  

g  = g r a v i t a t i o n a l  a c c e l e r a t i o n  

n  = mode number 

Mode 0 e d g e  waves have  t h e  l a r g e s t  l o n g s h o r e  wave numbers  ( t h e  smallest l o n g -  

s h o r e  w a v e l e n g t h )  w i t h  h i g h e r  modes h a v i n g  i n c r e a s i n g l y  smaller wave n u m b e r s  
rl 

t h a t  c o n v e r g e  on t h e  d e e p - w a t e r  wave number ( k  = o / g ) .  The h i g h e s t  mode num- 

b e r  ( c u t o f f  mode) m a r k s  t h e  l o w e r  l i m i t  on l o n g s h o r e  wave number f o r  w h i c h  
2 e d g e  wave s o l u t i o n s  e x i s t  ( k  > a / g ) .  T h i s  l i m i t  makes i n t u i t i v e  s e n s e  i f  o n e  

remembers  t h a t  o n  p l a n e - p a r a l l e l  b a t h y m e t r y ,  t h e  l o n g s h o r e  wave number is  con-  

s t a n t  as t h e  wave p r o p a g a t e s  ( S n e l l ' s  l aw f rom o p t i c s ) .  T h e r e f o r e ,  if t h e  

l o n g s h o r e  component  o f  t h e  wave number i s  l a r g e r  t h a n  t h e  wave number i n  d e e p  

w a t e r ,  t h i s  wave c a n n o t  e x i s t  i n  d e e p  w a t e r ;  i t  h a s  t o  r e m a i n  t r a p p e d  i n  s h a l -  

low water. By t h e  same a r g u m e n t ,  l e a k y  wave s o l u t i o n s  (Lamb 1932) o c c u r  f o r  a 

c o n t i n u u m  o f  l o n g s h o r e  wave numbers  t h a t  a r e  less  t h a n  t h e i r  d e e p - w a t e r  wave 
2  numbers  ( k  < a / g ) .  

* F o r  c o n v e n i e n c e ,  s y m b o l s  and a b b r e v i a t i o n s  are l i s t e d  and  i d e n t i f i e d  i n  
Appendix B .  



1 0 .  S i n c e  b o t h  l e a k y  and edge  waves h a v e  v e l o c i t y  components  t h a t  

r e f lec t  a t  t h e  s h o r e l i n e ,  t h e y  h a v e  a  s t a n d i n g  s t r u c t u r e  o f  n o d e s  a n d  a n t i -  

n o d e s  i n  t h e  c r o s s s h o r e  ( F i g u r e  3 ) .  N o t e  t h e  s i m i l a r i t y  be tween  modes,  

EDGE WAVES 
---- REFLECTED NORMALLY 

INCIDENT WAVE 

F i g u r e  3. The o f f s h o r e  s t r u c t u r e  o f  e d g e  wave modes 0 t o  3 
p l o t t e d  i n  terms o f  n o n d i m e n s i o n a l  o f f s h o r e  d i s t a n c e  x 

p a r t i c u l a r l y  n e a r  t h e  s h o r e .  Note  f u r t h e r  t h a t  t h e  s t a n d i n g  i n c i d e n t  wave,  a n  

example  o f  t h e  l e a k y  waves ,  a l s o  l o o k s  s i m i l a r .  T h i s  s t r u c t u r e  f o r  a n  e d g e  

wave is d e f i n e d  by t h e  c r o s s - s h o r e  a m p l i t u d e  f u n c t i o n  I$ i n  E q u a t i o n  1  a n d  

c a n  be a n a l y t i c a l l y  d e t e r m i n e d  f o r  a few s i m p l e  b e a c h  p r o f i l e s .  On a p l a n e  

b e a c h  o f  s l o p e  f3 , it t a k e s  t h e  form 

where  

Ln = L a g u e r r e  p o l y n o m i a l  o f  o r d e r  n  

n  = t h e  mode number o f  t h e  e d g e  wave ( E c k a r t  1951)  

The c r o s s - s h o r e  f u n c t i o n s  f o r  t h e  f i r s t  few modes are l i s t e d  i n  T a b l e  1 .  The  

m a t h e m a t i c a l  s o l u t i o n  f o r  a  n o r m a l l y  i n c i d e n t  l e a k y  wave o n  a p l a n e  b e a c h  

(Lamb 1932;  Suhayda  1974)  is 



w h e r e  

J, = z e r o t h  o r d e r  Bessel f u n c t i o n  

x = n o n d i m e n s i o n a l  o f f s h o r e  d i s t a n c e  

1 1 .  The n o r m a l l y  i n c i d e n t  l e a k y  wave t h e o r e t i c a l l y  h a s  a n  i n f i n i t y  o f  

n o d e s  a n d  a n t i n o d e s  e x t e n d i n g  o u t  t o  d e e p  w a t e r  and beyond.  On t h e  o t h e r  

h a n d ,  t h e  c r o s s - s h o r e  s t r u c t u r e  o f  t h e  t r a p p e d  e d g e  wave is e x p o n e n t i a l l y  

d e c a y i n g  o f f s h o r e  w i t h  maximum a m p l i t u d e  a t  t h e  s h o r e l i n e ,  t h e  number o f  n o d e s  

e q u a l i n g  t h e  mode number o f  t h e  wave. A s  shown i n  T a b l e  1 and  F i g u r e  3 ,  a  

mode 0 e d g e  wave h a s  o n l y  t h e  e x p o n e n t i a l  d e c a y ,  w h e r e a s  t h e  mode 1 wave g o e s  

t h r o u g h  o n e  p h a s e  change  ( t h e  n o d e )  a s  i t  e x p o n e n t i a l l y  d e c a y s .  The  h i g h e r  

modes h a v e  many n o d e s  a n d  a n t i n o d e s  and e x t e n d  f a r t h e r  o f f s h o r e .  I n  f a c t ,  

t h e i r  c r o s s - s h o r e  s t r u c t u r e  l o o k s  v e r y  much l i k e  t h a t  o f  t h e  n o r m a l l y  i n c i d e n t  

l e a k y  wave c l o s e  t o  s h o r e .  The p h y s i c a l  d i m e n s i o n s  o f  t h e s e  waves a l s o  v a r y  

w i t h  f r e q u e n c y  and  beach  s l o p e .  T h i s  is shown i n  t h e  n o n d i m e n s i o n a l  c r o s s -  

s h o r e  c o o r d i n a t e  u s e d  i n  F i g u r e  3; t h e  c r o s s - s h o r e  s t r u c t u r e  w i l l  b e  more 

t i g h t l y  t r a p p e d  t o  t h e  s h o r e l i n e  i n  d i m e n s i o n a l  s c a l e s  f o r  h i g h  f r e q u e n c i e s  

a n d  s h a l l o w  b e a c h  s l o p e s .  

T a b l e  1 

O f f s h o r e  D e s c r i p t i o n  o f  t h e  F i r s t  Four  

Edge Wave Modes 



PART 111: GENERATION MECHANISMS 

1 2 .  B a s i c  t o  t h e  u n d e r s t a n d i n g  o f  i n f r a g r a v i t y  e n e r g y  is i t s  a s s o c i -  

a t i o n  w i t h  t h e  i n c i d e n t  wind waves .  Munk (1949)  and  T u c k e r  ( 1 9 5 0 )  were n o t  

o n l y  t h e  f i r s t  t o  o b s e r v e  t h e s e  l o w - f r e q u e n c y  m o t i o n s  i n  t h e  n e a r s h o r e ,  b u t  

were a l s o  t h e  f i r s t  t o  p r o p o s e  s u c h  a l i n k .  They n o t i c e d  s i g n i f i c a n t  c o r r e -  

l a t i o n s  be tween  t h e  f l u c t u a t i o n  o f  wind wave h e i g h t s  ( g r o u p i n e s s )  a n d  t h e  

i n f r a g r a v i t y  m o t i o n s .  (The  term ' I s u r f  b e a t t t  is o f t e n  u s e d  i n  p l a c e  o f  i n f r a -  

g r a v i t y .  I t s  o r i g i n s  a r e  w i t h  Munk ( 1 9 4 9 ) ,  who c o i n e d  t h e  term t o  d e s c r i b e  

t h i s  a s s o c i a t i o n  w i t h  wind wave g r o u p s  o r  b e a t s . )  F i e l d  e v i d e n c e  h a s  c o n t i n -  

ued t o  s u p p o r t  t h i s  r e l a t i o n .  F o r  i n s t a n c e ,  i n f r a g r a v i t y  e n e r g y  h a s  r e p e a t -  

e d l y  b e e n  shown t o  i n c r e a s e  w i t h  t h e  i n c i d e n t  wind wave e n e r g y  (Guza a n d  

T h o r n t o n  1 9 8 2 ;  S a l l e n g e r  and  Holman 1984;  Holman and  S a l l e n g e r  1 9 8 5 ) .  

1 3 .  F i e l d  o b s e r v a t i o n  s u g g e s t s  t h e  p r e s e n c e  o f  b o t h  f r e e l y  p r o p a g a t i n g  

and  bounded s u r f a c e  g r a v i t y  waves i n  t h e  i n f r a g r a v i t y  b a n d .  Bounded l o n g  

waves are  d i r e c t l y  c o u p l e d  t o  t h e  l o c a l  i n c i d e n t  wind waves ,  w h e r e a s  f ree  

( e d g e  a n d  l e a k y )  waves a r e  d e c o u p l e d  from i ts  wind wave f o r c i n g .  Both  are  

p r o b a b l y  g e n e r a t e d  t h r o u g h  mechanisms t h a t  t r a n s f e r  e n e r g y  f rom t h e  g r o u p y  

s t r u c t u r e  o f  t h e  wind waves.  However, t h e  f ree  waves most  l i k e l y  h a v e  e n o u g h  

n o n l o c a l  a n d / o r  broad-banded wind wave c o n t r i b u t i o n  t o  t h e i r  t o t a l  v a r i a n c e  t o  

d e c o u p l e  them f r o m  t h e  l o c a l  wind waves .  

1 4 .  L o n g u e t - H i g g i n s  and  Stewart ( 1 9 6 2 )  f i r s t  s u g g e s t e d  a  g e n e r a t i o n  

mechanism f o r  bounded l o n g  waves .  They showed t h r o u g h  r a d i a t i o n  stress a r g u -  

m e n t s  t h a t  t h e r e  is d e p r e s s i o n  o f  t h e  mean sea l e v e l  u n d e r  g r o u p s  o f  h i g h  

waves a n d  a  c o r r e s p o n d i n g  rise u n d e r  low waves .  T h i s  s e c o n d - o r d e r  bounded 

wave t r a v e l s  w i t h  t h e  g r o u p s  a t  t h e  g r o u p  v e l o c i t y  o f  t h e  wind waves .  They  

f u r t h e r  s p e c u l a t e d  t h a t  it became a  free wave,  t r a v e l i n g  b a c k  o u t  t o  d e e p  

water upon r e f l e c t i o n  a t  t h e  b r e a k p o i n t .  However, t h i s  was n o t  t h e o r e t i c a l l y  

j u s t i f i e d .  

1 5 .  A mechanism f o r  g e n e r a t i n g  f r ee ,  l o n g  waves was p r o p o s e d  by 

Symonds, H u n t l e y ,  and  Bowen ( 1 9 8 2 ) .  I n  a  t w o - d i m e n s i o n a l  mode l  o f  t h e  s u r f  

z o n e ,  t h e y  d e m o n s t r a t e d  t h a t  t h e  t i m e - v a r y i n g  p o s i t i o n  o f  t h e  b r e a k p o i n t  d u e  

t o  g r o u p y  s t r u c t u r e  c o u l d  c a u s e  a c o n c o m i t a n t  v a r i a t i o n  i n  s e t u p  a n d  g e n e r a t e  

f r e e l y  p r o p a g a t i n g  l o n g  waves.  They p r e d i c t e d  b o t h  s e a w a r d  a n d  s h o r e w a r d  

p r o p a g a t i o n  o f  t h e  wave w i t h  t h e  s h o r e w a r d  wave r e f l e c t i n g  a t  t h e  s h o r e l i n e ,  

t h u s  s e t t i n g  u p  a  s t a n d i n g  wave i n  t h e  s u r f  z o n e .  



16.  G a l l a g h e r  ( 1 9 7 1 )  s u g g e s t e d  t h e  p o s s i b i l i t y  o f  s e c o n d - o r d e r  non- 

l i n e a r  f o r c i n g  o f  l o n g  waves t h rough  t h e  d i f f e r e n c e  f r e q u e n c y  and l o n g s h o r e  

wave number i n t e r a c t i o n  o f  wind waves. T h i s  mechanism p e r m i t s  f o r c i n g  f rom 

t h e  f u l l  spec t rum o f  d i r e c t i o n a l l y  d i s t r i b u t e d  wind waves.  Thus,  it a l l o w s  

f o r  t h e  g e n e r a t i o n  o f  d i r e c t i o n a l l y  d i s t r i b u t e d  long  waves and as s u c h  is a 

mechanism t h a t  can g e n e r a t e  edge waves.  S i n c e  edge  wave e n e r g y  is c o n t a i n e d  

i n  t h e  n e a r s h o r e  w i t h  no l e a k a g e ,  even a weak c o u p l i n g  w i t h  wind waves c o u l d  

b u i l d  up l a r g e  edge  waves.  

F i e l d  Evidence 

17 .  F i e l d  s t u d i e s  have  c l e a r l y  i d e n t i f i e d  b o t h  bounded long  waves and  

low-mode edge  waves i n  t h e  v e r y  n e a r s h o r e .  Leaky a n d / o r  high-mode e d g e  waves 

have  a l s o  been o b s e r v e d ,  b u t  n o t  r e s o l v e d .  During t h e  1 9 7 0 t s ,  c r o s s - s h o r e  

a r r a y s  o f  s e n s o r s  were u sed  t o  compare t h e  obse rved  c r o s s - s h o r e  s t r u c t u r e  of  

e l e v a t i o n  o r  v e l o c i t y  w i t h  t h e o r y  ( F i g u r e  3 ) .  Suhayda ( 1 9 7 4 )  used a run-up 

meter, wave s t a f f ,  and two p r e s s u r e  s e n s o r s  i n  a c r o s s - s h o r e  l i n e  t o  f i r s t  

d e m o n s t r a t e  t h a t  t h e  c r o s s - s h o r e  s t r u c t u r e  o f  i n f r a g r a v i t y  ene rgy  was i n  good 

ag reemen t  w i t h  t h e  t h e o r e t i c a l  c r o s s - s h o r e  s t a n d i n g  s t r u c t u r e  o f  l e a k y  

waves.  Guza (1974)  p o i n t e d  o u t  t h a t  t h e  c r o s s - s h o r e  s t r u c t u r e  o f  l e a k y  waves 

and  high-mode edge  waves a r e  a l m o s t  i n d i s t i n g u i s h a b l e  f o r  t h e  f i r s t  few z e r o  

c r o s s i n g s .  To s e p a r a t e  edge waves from l e a k y  waves u s i n g  a c r o s s - s h o r e  a r r a y ,  

s e n s o r s  would have  t o  ex t end  c o n s i d e r a b l y  beyond t h e  l a s t  a n t i n o d e  o f  t h e  t h e -  

o r e t i c a l l y  h i g h e s t  edge  wave mode t h a t  can be  t r a p p e d  ( F i g u r e  3 ) .  The added  

c o m p l i c a t i o n s  o f  p a r t i a l  r e f l e c t i o n  a t  t h e  s h o r e l i n e  and t h e  p r e s e n c e  o f  s e v -  

eral modes made c r o s s - s h o r e  a r r a y s  g e n e r a l l y  u n s a t i s f a c t o r y  f o r  d i s t i n g u i s h i n g  

edge  wave modes and l e a k y  waves ( S n o d g r a s s ,  Munk, and Miller 1962) .  Neve r the -  

l e s s ,  Suhayda and o t h e r s  t h a t  fo l l owed  (Wuntley 1976; S a s a k i ,  Horikawa,  and  

H o t t a  1976;  S a s a k i  and  Horikawa 1978; Hun t l ey ,  Guza, and Thornton  1981;  Holman 

1981)  c l e a r l y  demons t r a t ed  t h a t  i n  t h e  n e a r s h o r e  t h e  i n f r a g r a v i t y  band was 

dominated  by waves t h a t  have s t a n d i n g  s t r u c t u r e  i n  t h e  c r o s s  s h o r e .  

Longshore Array Data 

18. Edge waves were most c o n v i n c i n g l y  o b s e r v e d  i n  t h e  n e a r s h o r e  u s i n g  a  

l o n g s h o r e  a r r a y  o f  b i d i r e c t i o n a l  c u r r e n t  m e t e r s  i n  t h e  s u r f  zone ( H u n t l e y ,  



Guza ,  a n d  T h o r n t o n  1 9 8 1 ) .  The f i r s t  i n  a s e r i e s  o f  s u c h  a r r a y s  was p a r t  o f  

t h e  N e a r s h o r e  S e d i m e n t  T r a n s p o r t  S t u d y  (NSTS) a t  T o r r e y  P i n e s  b e a c h ,  

S a n  D i e g o ,  i n  1978.  Two-d imens iona l  f - k  s p e c t r a  f o r  2 c o n s e c u t i v e  d a y s  showed 

a l o w e r  limit o f  30 2 15 p e r c e n t  o f  t h e  e n e r g y  i n  t h e  l o n g s h o r e  c u r r e n t  fre-  

q u e n c y  band ( 0 . 0 0 6  t o  0 . 0 2 3  Hz) t o  l i e  e i t h e r  on t h e  mode 0 o r  1  e d g e  wave 

d i s p e r s i o n  c u r v e s  ( E q u a t i o n  2 ) .  The  c r o s s - s h o r e  c u r r e n t ,  w h i l e  a l s o  c o n t a i n -  

i n g  low-mode e d g e  waves ,  had s p e c t r a  t h a t  had  l e a k y  a n d / o r  high-mode e d g e  

waves ,  o f t e n  mask ing  t h e  low modes.  

1 9 .  Oltman-Shay and Guza ( 1 9 8 7 )  a n a l y z e d  l o n g s h o r e  a r r a y  d a t a  f r o m  b o t h  

t h e  T o r r e y  P i n e s  1978 and S a n t a  B a r b a r a  1980 NSTS f i e l d  s i t e s .  S u r f - z o n e  

i n f r a g r a v i t y  e n e r g y  on a  t o t a l  o f  15 d a y s  s t u d i e d  a t  b o t h  b e a c h e s  was a l w a y s  

f o u n d  t o  c o n t a i n  e d g e  waves.  Aga in ,  f - k  s p e c t r a  ( F i g u r e  4) were u s e d  t o  dem- 

o n s t r a t e  t h e  c o n c e n t r a t i o n  o f  e n e r g y  a l o n g  t h e  e d g e  wave d i s p e r s i o n  c u r v e s  

( E q u a t i o n  2 ) .  Longshore  c u r r e n t  e n e r g y  was o b s e r v e d  t o  c o n s i s t  o f  70- t o  90- 

p e r c e n t  low-mode e d g e  waves.  C r o s s - s h o r e  c u r r e n t s  a l s o  c o n t a i n e d  low-mode 

e d g e  waves  ( i . e . ,  20 p e r c e n t ) ,  b u t  s p e c t r a  were o f t e n  d o m i n a t e d  by low wave 

number e n e r g y  t h a t  p r o b a b l y  c o n s i s t e d  o f  a  c o m b i n a t i o n  o f  u n r e s o l v a b l e  h i g h -  

mode e d g e  waves a n d / o r  l e a k y  waves .  Another  c o m p l i c a t i o n  i n  r e s o l v i n g  l o n g  

waves i n  t h e  c r o s s - s h o r e  c u r r e n t  may b e  p a r t i a l  p h a s e  l o c k i n g  ( H u n t l e y ,  G u z a ,  

a n d  T h o r n t o n  1 9 8 1 ) .  However t h e  o b s e r v a t i o n  o f  h i g h  modes i n  t h e  c r o s s - s h o r e  

c u r r e n t  d o e s  n o t  c o n t r a d i c t  t h e  dominance o f  low modes i n  t h e  l o n g s h o r e  c u r -  

r e n t  b e c a u s e  high-mode and l e a k y  wave v e l o c i t i e s  h a v e  t h e i r  l a r g e s t  component  

i n  t h e  c r o s s - s h o r e  c u r r e n t  d i r e c t i o n  a t  t h e  a r r a y s .  T h e s e  d a t a  d e m o n s t r a t e d  

t h a t  t h e  n e a r s h o r e  i n f r a g r a v i t y  f i e l d  c o n t a i n s  s i g n i f i c a n t  a m o u n t s  o f  low-mode 

e d g e  waves i n  t h e  n e a r s h o r e  c u r r e n t  and e l e v a t i o n  f i e l d .  

2 0 .  I t  is g e n e r a l l y  a c c e p t e d  t h a t  bounded l o n g  waves p r o p a g a t e  f r o m  

d e e p  w a t e r  w i t h  t h e  i n c i d e n t  wave g r o u p s .  H u n t l e y  and  K i m  ( 1 9 8 4 )  a n d  L i s t  

( 1 9 8 7 )  h a v e  d e m o n s t r a t e d  t h a t  s i g n i f i c a n t  amounts  o f  t h e  t o t a l  v a r i a n c e  ( i . e . ,  

2 5  p e r c e n t )  i n  t h e  i n f r a g r a v i t y  band o u t s i d e  t h e  s u r f  zone  come f r o m  bounded 

l o n g  w a v e s .  F r e e  l o n g  wave ( e d g e  and  l e a k y )  e n e r g y  is g e n e r a t e d  i n  s h a l l o w  

water by G a l l a g h e r ' s  ( 1 9 7 1 )  o r  Symonds, H u n t l e y ,  and  Bowen's  ( 1 9 8 2 )  mechanism,  

t h e  l a t t e r  o c c u r r i n g  o n l y  w i t h i n  t h e  s u r f  z o n e .  The mechanisms o f  G a l l a g h e r  

a n d  Symonds, H u n t l e y ,  and  Bowen c a n  g e n e r a t e  b o t h  l e a k y  a n d  e d g e  waves ( t h e  

Symonds g e n e r a t i o n  model is  p r e s e n t e d  i n  two d i m e n s i o n s  and  t h u s  c a n  g e n e r a t e  

o n l y  n o r m a l l y  i n c i d e n t  l e a k y  w a v e s ;  however ,  t h e  e x t e n s i o n  t o  t h r e e  d i m e n s i o n s  

is c l e a r ) .  Al though  i t  is p o s s i b l e  t h a t  f r e e  l e a k y  waves c a n  p r o p a g a t e  f r o m  
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F igure  4. Typical  f-k s p e c t r a  i n  t h e  su r f  zone a t  Leadbe t t e r  Beach, Santa  Barbara,  CA. 
The edge wave d i s p e r s i o n  l i n e s  a r e  drawn f o r  a plane-beach assumption. The r ec t angu la r  
boxes mark t h e  l o c a t i o n  of energy peaks. The wave number width of each box i s  t h e  
half-power bandwidth of t h e  peak. The shading d e n s i t y  i n d i c a t e s  t h e  percent  power i n  

t h e  frequency b i n  t h a t  l ies  wi th in  t h e  half-power bandwidth of t h e  peak 



d e e p  w a t e r ,  t h e r e  is n o t  y e t  any e v i d e n c e  t h a t  s i g n i f i c a n t  amounts  o f  i n f r a -  

g r a v i t y  ene rgy  a r e  d e r i v e d  from t h i s  s o u r c e .  

21 .  A s c h e m a t i c  breakdown o f  both  t h e  f r e e  and bounded i n f r a g r a v i t y  

l o n g  waves t h a t  c o n t r i b u t e  t o  i n f r a g r a v i t y  mo t ions  i n  t h e  n e a r s h o r e  o f  a s l o p -  

i n g  beach  is shown i n  F i g u r e  5 .  Both l e a k y  and edge waves p roduce  s t a n d i n g  

l o n g  waves i n  t h e  s u r f  zone .  The re  is a l s o  t h e  p o s s i b i l i t y  t h a t  bounded l o n g  

waves c o u l d  be p a r t i a l l y  phase  l o c k e d  t o  seaward p r o p a g a t i n g  l e a k y  waves and 

g e n e r a t e  a s t a n d i n g  wave seaward o f  t h e  s u r f  zone .  The diagrammed p l acemen t  

o f  t h e s e  waves i n  and  o u t  o f  t h e  s u r f  zone is  s u g g e s t e d  by b o t h  o b s e r v a t i o n s  

and  proposed  g e n e r a t i o n  mechanisms. 

(REFLECTED LEAKY WAVES) 

C I - - - STANDING WAVES 

ES OUT 
-.111 

EDGE WAVE MODE 
f + s a ~ - - - - - - -  

BOUNDED LONG WAVES IN 
I_--- + 

F i g u r e  5 .  Schema t i c  d iagram o f  l ong  waves on s l o p i n g  b e a c h e s ,  
w i t h  t h e  t o p  t h r e e  l i n e s  r e p r e s e n t i n g  f r e e  waves and t h e  

bot tom l i n e  r e p r e s e n t i n g  t h e  phase- locked  wave 

I n f r a g r a v i t y  Energy and Sediment  T r a n s p o r t  

22.  I n f r a g r a v i t y  energy  c o n t r i b u t e s  a s u b s t a n t i a l  p o r t i o n  t o  t h e  t o t a l  

s h a l l o w - w a t e r  e l e v a t i o n  and c u r r e n t  v a r i a n c e  i n  t h e  n e a r s h o r e  (Emery and Gale 

1951 ; Inman 1968a ,b ;  Suhayda 1972, 1974;  Sonu,  P e t t i g r e w ,  and  F r e d r i c k s  1974;  

Goda 1975;  Hunt ley  and  Bowen 1975; S a s a k i  and Horikawa 1975,  1978;  S a s k i ,  

Hor ikawa,  and H o t t a  1976;  Hunt ley  1976;  Wright ,  Thom, and Chappel  1978;  Wright  

e t  a l .  1979;  Wr igh t ,  Guza, and S h o r t  1982; Bradshaw 1980; Holman 1981; Holman 



and  S a l l e n g e r  1985;  H u n t l e y ,  Guza a n d  T h o r n t o n  1981;  Guza and  T h o r n t o n  1 9 8 2 ,  

1 9 8 5 ;  Oltman-Shay and  Guza 1987;  Beach a n d  S t e r n b e r g  1 9 8 7 ) .  I t  was p o i n t e d  

o u t  i n  P a r t  I  t h a t  o n  a d i s s i p a t i v e  b e a c h  t h e  i n f r a g r a v i t y  c o n t r i b u t i o n  c a n  

d o m i n a t e  t h e  s u r f  z o n e .  On s u c h  b e a c h e s ,  i n f r a g r a v i t y  band  v a r i a n c e  h a s  b e e n  

shown t o  e x c e e d  t h a t  o f  wind waves by a f a c t o r  o f  4 ( W r i g h t ,  Guza ,  a n d  S h o r t  

1 9 8 2 ;  Guza and  T h o r n t o n  1982)  w i t h  h e i g h t s  a t  t h e  s h o r e l i n e  ( v e r t i c a l  s w a s h  

e x c u r s i o n s )  o f  a p p r o x i m a t e l y  70  p e r c e n t  o f  t h e  i n c i d e n t  s i g n i f i c a n t  wind wave 

h e i g h t s  (Guza and  T h o r n t o n  1 9 8 2 ) .  Goda ( 1 9 7 5 )  showed i n f r a g r a v i t y  h e i g h t s ,  

1  m i n  d e p t h ,  t o  b e  between 20 and 40 p e r c e n t  o f  t h e  o f f s h o r e  wind wave 

h e i g h t s .  An e x t r e m e l y  d i s s i p a t i v e  b e a c h  on t h e  Oregon c o a s t  was o b s e r v e d  t o  

h a v e  v e r t i c a l  swash e x c u r s i o n s  o f  a p p r o x i m a t e l y  60 p e r c e n t  t h e  i n c i d e n t  s i g -  

n i f i c a n t  wave h e i g h t ,  w i t h  i n f r a g r a v i t y  f r e q u e n c y  c o m p l e t e l y  d o m i n a t i n g  t h e  

run-up  s p e c t r u m  w i t h  9 9 . 9  p e r c e n t  o f  t h e  v a r i a n c e  (Holman and  Bowen 1984).  

23.  D i f f e r e n c e s  i n  t h e  r e l a t i v e  amount  o f  i n f r a g r a v i t y  e n e r g y  o b s e r v e d  

on a n y  o n e  b e a c h  h a v e  been d e m o n s t r a t e d  t o  b e  a  f u n c t i o n  o f  t h e  I r r i b a r e n  num- 

b e r  (Holman and  S a l l e n g e r  1985;  Holman 1 9 8 6 ) .  The d i m e n s i o n l e s s  s u r f -  

s i m i l a r i t y  p a r a m e t e r  t h a t  m e a s u r e s  t h e  d i s s i p a t i v e / r e f l e c t i v e  n a t u r e  o f  a 

b e a c h  u n d e r  v a r y i n g  i n c i d e n t  wind wave c o n d i t i o n s  is 

where  

Ho = i n c i d e n t  s i g n i f i c a n t  d e e p - w a t e r  wave h e i g h t  

Lo = d e e p - w a t e r  w a v e l e n g t h  

Swash e x c u r s i o n s  are o b s e r v e d  t o  b e  d o m i n a t e d  by t h e  i n c i d e n t  wind wave f re-  

quency  band  f o r  I r r i b a r e n  numbers  g r e a t e r  t h a n  1 .5 .  However,  f o r  l o w e r  v a l -  

u e s ,  s w a s h  becomes i n c r e a s i n g l y  d o m i n a t e d  by i n f r a g r a v i t y  band e n e r g y  (Holman 

1 9 8 6 ) -  S i n c e  s t o r m s  a r e  f r e q u e n t l y  a s s o c i a t e d  w i t h  low I r r i b a r e n  n u m b e r s ,  i t  

is c l e a r  t h a t  i n f r a g r a v i t y  l o n g  waves mus t  b e  c o n s i d e r e d  when s h o r e l i n e  ero- .  

s i o n  is e x a m i n e d .  

2 4 .  U n t i l  r e c e n t l y ,  t h e  l i n k  be tween  i n f r a g r a v i t y  m o t i o n  and  s e d i m e n t  

t r a n s p o r t  had o n l y  been  i m p l i e d  by t h e  o b s e r v e d  i m p o r t a n c e  o f  i n f r a g r a v i t y  

e n e r g y  i n  t h e  s u r f  and  s w a s h ,  A r e c e n t  s t u d y  a t t e m p t i n g  t o  d i r e c t l y  a d d r e s s  

t h i s  l i n k  o c c u r r e d  on an  e x t r e m e l y  d i s s i p a t i v e  b e a c h  on t h e  c o a s t  o f  Oregon  



(Beach  a n d  S t e r n b e r g  1 9 8 7 ) .  On t h i s  b e a c h ,  i n f r a g r a v i t y  m o t i o n s  a c c o u n t e d  f o r  

85 p e r c e n t  o f  t h e  t o t a l  v a r i a n c e  i n  t h e  i n n e r  s u r f  z o n e  w i t h  c r o s s - s h o r e  

c u r r e n t s  a s  h i g h  as 240  c m / s e c .  S e d i m e n t  s u s p e n s i o n  e v e n t s  a s s o c i a t e d  w i t h  

i n f r a g r a v i t y  m o t i o n s  r e a c h e d  p e a k  c o n c e n t r a t i o n s  o f  20 t o  40  g/R a t  26 cm 

a b o v e  t h e  bed and  p e r s i s t e d  f o r  p e r i o d s  o f  30 t o  4 5  s e c .  The mean s u s p e n d e d  

s e d i m e n t  l o a d  was t h r e e  t o  f o u r  t i m e s  l a r g e r  t h a n  t h a t  a s s o c i a t e d  w i t h  i n c i -  

d e n t  w a v e s .  O f  c o u r s e ,  t h i s  b e a c h  is u n u s u a l  i n  t h e  s t r e n g t h  o f  i n f r a g r a v i t y  

m o t i o n s .  However,  i t  d o e s  l e n d  i n s i g h t  i n t o  t h e  i m p o r t a n c e  o f  i n f r a g r a v i t y  

m o t i o n s  i n  s e d i m e n t  s u s p e n s i o n  and t r a n s p o r t  d u r i n g  s t o r m  c o n d i t i o n s  o n  more 

t y p i c a l  b e a c h e s .  

2 5 .  The o f f s h o r e  and l o n g s h o r e  l e n g t h  scales o f  i n f r a g r a v i t y  l o n g  waves  

s u g g e s t  a  dynamic  r e l a t i o n s h i p  w i t h  common m o r p h o l o g i c a l  f e a t u r e s  s u c h  as  t h e  

l i n e a r  a n d  c r e s c e n t i c  s a n d b a r s  ( F i g u r e  6 ) .  L i n e a r  b a r s  have  b e e n  p r o p o s e d  t o  

fo rm u n d e r  t h e  c r o s s - s h o r e  n o d e s  o r  a n t i n o d e s  o f  l o n g  waves ( C a r t e r ,  L i u ,  a n d  

Mei 1 9 7 3 ;  Lau a n d  T r a v i s  1973;  S h o r t  1975;  Bowen 1980;  S a l l e n g e r ,  Holman, a n d  

B i r k e m e i e r  1 9 8 5 ) .  Models f o r  t h e  g e n e r a t i o n  o f  c r e s c e n t i c  and welded  b a r s  

(Bowen a n d  Inman 1971,  and Holman and  Bowen 1982 ,  r e s p e c t i v e l y )  h a v e  b e e n  

b a s e d  on t h e  i n t e r a c t i o n  o f  two p h a s e - l o c k e d  e d g e  waves.  The mechanism b e h i n d  

t h e s e  g e n e r a t i o n  mode ls  is t h e  d r i f t  v e l o c i t y  o f  t h e  l o n g  wave,  where  t h e  

l o c a l  b e a c h  s l o p e  w i l l  a l t e r  s o  as t o  b a l a n c e  t h e  "push" e x e r t e d  by t h e  d r i f t  

v e l o c i t y  . 

F i g u r e  6 .  O b l i q u e  a e r i a l  v iew o f  c r e s c e n t i c  s a n d b a r s  a t  
Cape Cod, M A .  I n f r a g r a v i t y  e d g e  waves o f f e r  a n  e x p l a n a -  

t i o n  f o r  t h e s e  complex m o r p h o l o g i e s  
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2 6 .  The a c t u a l  r o l e  o f  i n f r a g r a v i t y  l o n g  wave e n e r g y  i n  s u r f  a n d  swash  

s e d i m e n t  t r a n s p o r t  i s  j u s t  now b e i n g  a d d r e s s e d  i n  o b s e r v a t i o n a l  s t u d i e s .  

T h e i r  e x i s t e n c e  and i m p o r t a n c e  h a v e  been p r o v e n .  T h e o r e t i c a l  s c e n a r i o s  o f  

l o n g  wave g e n e r a t i o n  and  p r o p a g a t i o n  t h r o u g h  l o n g s h o r e  c u r r e n t s  a n d  o v e r  d i f -  

f e r e n t  t o p o g r a p h i e s  r e m a i n  t o  be t e s t e d  i n  t h e  f i e l d .  C o n c r e t e  a n s w e r s  t o  

v e r y  s e r i o u s  p r o b l e m s  are n e e d e d .  F o r  i n s t a n c e ,  d o  i n f r a g r a v i t y  m o t i o n s  move 

s a n d b a r s ?  Do s t r u c t u r e s  ( i . e . ,  b r e a k w a t e r s )  t h a t  are b u i l t  t o  damp a n d / o r  

re f lec t  i n c i d e n t  wind wave e n e r g y ,  damp o r  a m p l i f y  i n f r a g r a v i t y  e n e r g y ?  I s  

i n f r a g r a v i t y  e n e r g y  i m p o r t a n t  s h o r e w a r d  o f  b r e a k w a t e r s ,  w i t h i n  h a r b o r s ?  The 

a n s w e r s  are  l i m i t e d  by t h e  d a t a .  

2 7 .  U n f o r t u n a t e l y  ( b u t  u n d e r s t a n d a b l y ) ,  r e s e a r c h e s  a r e  a c u t e l y  i n t e r -  

e s t e d  i n  t h e  d y n a m i c s  o f  t h e  n e a r s h o r e  d u r i n g  s t o r m  c o n d i t i o n s  when m e a s u r e -  

m e n t s  are mos t  d i f f i c u l t .  R e c e n t l y ,  a ser ies  o f  e x p e r i m e n t s  h e l d  a t  t h e  

US Army C o r p s  o f  E n g i n e e r s  F i e l d  R e s e a r c h  F a c i l i t y  (FRF) a t  Duck, NC (Duck-82,  

O c t o b e r  1 9 8 2 ;  Duck-85, O c t o b e r  1985;  a n d  SUPERDUCK, O c t o b e r  1 9 8 6 ) ,  h a v e  

s t r i v e n  i n  p a r t  t o  o b s e r v e  n e a r s h o r e  dynamics  u n d e r  s u c h  h o s t i l e  c o n d i t i o n s .  

T h e  l a t e s t  o f  t h e  Duck e x p e r i m e n t s ,  SUPERDUCK, h o l d s  t r e m e n d o u s  p r o m i s e  w i t h  

its b a t h y m e t r y ,  i n f r a g r a v i t y ,  and  wind wave r e g i m e s  well m o n i t o r e d .  B u t  a l l  

o f  t h e s e  e x p e r i m e n t s  a r e  s h o r t  i n  d u r a t i o n ,  t y p i c a l l y  o n l y  a few weeks i n  

l e n g t h .  R e s e a r c h e r s  c o n s i d e r  t h e m s e l v e s  l u c k y  t o  c a t c h  o n e  s t o r m  e v e n t  d u r i n g  

s u c h  e f f o r t s  a n d  u n b e l i e v a b l y  f o r t u n a t e  t o  h a v e  a  w e l l - d e f i n e d  m o r p h o l o g i c a l  

f e a t u r e  d e v e l o p  w h i l e  i n s t r u m e n t s  are i n  p l a c e .  

2 8 .  A p o t e n t i a l l y  i n v a l u a b l e  n e x t  e f f o r t  t h a t  would c o n t r i b u t e  g r e a t l y  

t o  t h e  u n d e r s t a n d i n g  o f  n e a r s h o r e  dynamics  would b e  a l o n g - t e r m  o b s e r v a t i o n a l  

s t u d y  o f  some o f  t h e  p e r t i n e n t  v a r i a b l e s .  Such  a  s t u d y  would l e n d  i n s i g h t  

i n t o  t h e  b e h a v i o r  o f  t h e  n e a r s h o r e  t h r o u g h  s t o r m  e v e n t s  a n d  h e l p  t o  a n s w e r  

q u e s t i o n s  s u c h  as ,  ''how b i g  is b i g "  and "how t y p i c a l  is t y p i c a l . "  A c o u p l e  o f  

y e a r s  a g o ,  a  l o n g - t e r m  o b s e r v a t i o n a l  s t u d y  o f  t h e  n e a r s h o r e  would h a v e  b e e n  a 

l o g i s t i c  i m p o s s i b i l i t y .  S u c h  a  s t u d y  would need t o  m o n i t o r  b a t h y m e t r y  (mor-  

p h o l o g y ) ,  i n c i d e n t  swell a n d  wind wave c l i m a t o l o g y ,  i n f r a g r a v i t y  wave c o n t e n t ,  

a n d  s h o r e l i n e  v a r i a n c e  o v e r  months  and  h o p e f u l l y  y e a r s .  However,  times h a v e  

c h a n g e d  a n d  i n  p l a c e  t o d a y  a t  t h e  FRF is a d a i l y  d a t a  a c q u i s i t i o n  f a c i l i t y  

t h a t  is p r e s e n t l y  m o n i t o r i n g  mos t  o f  t h e s e  v a r i a b l e s .  S o ,  t h e  p i e c e s  a r e  



a l m o s t  i n  p l a c e  t o  u n d e r t a k e  a p o t e n t i a l l y  i m p o r t a n t  a n d  r e w a r d i n g  o b s e r v a -  

t i o n a l  s t u d y  . 
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29. F i e l d  s t u d i e s  have  shown t h a t  t h e  i n f r a g r a v i t y  band o f  s u r f - z o n e  

ene rgy  is dominated  by long  waves t h a t  are s t a n d i n g  i n  t h e  c r o s s  s h o r e .  Some 

o f  t h e s e  l o n g  waves are c l e a r l y  low-mode edge  waves.  S i g n i f i c a n t  amounts  o f  

t h e  t o t a l  v a r i a n c e  i n  t h e  i n f r a g r a v i t y  band o u t s i d e  t h e  s u r f  zone  come f rom 

bounded long  waves t r a v e l i n g  w i t h  i n c i d e n t  wind wave g r o u p s .  The p r e s e n c e  o f  

l e a k y  and high-mode edge  waves is l e s s  r e s o l v e d .  However, c r o s s - s h o r e  c u r -  

r e n t s  a p p e a r  t o  c o n t a i n  e i t h e r  o r  bo th  i n  a d d i t i o n  t o  low-mode e d g e  waves.  

30. The impor t ance  o f  i n f r a g r a v i t y  band mot ions  i n  t h e  n e a r s h o r e  is 

u n e q u i v o c a l l y  p roven .  On d i s s i p a t i v e  beaches  t h e s e  l ong  waves domina t e  (80 t o  

100 p e r c e n t )  t h e  s u r f  and  swash e l e v a t i o n  and  c u r r e n t  f i e l d ,  w i t h  v e r t i c a l  

swash e x c u r s i o n s  o f  70 p e r c e n t  o f  t h e  i n c i d e n t  s i g n i f i c a n t  wave h e i g h t .  Data 

a c q u i s i t i o n  and a n a l y s i s  s k i l l s  have overcome many d i f f i c u l t i e s  i n  examin ing  

t h i s  ene rgy  band.  R e s e a r c h e r s  a r e  now a t  a  l e v e l  o f  u n d e r s t a n d i n g  t h a t  a l l o w s  

them t o  b e g i n  a d d r e s s i n g  some o f  t h e  more p r a c t i c a l  q u e s t i o n s  a s  t o  t h e  a c t u a l  

r o l e  o f  i n f r a g r a v i t y  l o n g  wave ene rgy  i n  s u r f  and  swash sed imen t  t r a n s p o r t  and  

s t r u c t u r e  i n t e g r i t y .  
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i t y  m o t i o n s  on r e a l  b e a c h e s ,  a s  well a s  f o r  s u m m a r i z i n g  p r e v i o u s  work o f  o t h e r  
i n v e s t i g a t o r s .  A t h e o r e t i c a l  s e c t i o n  was i n c l u d e d  d e s c r i b i n g  e d g e  wave k i n e -  
matics a n d  d y n a m i c s  which  p r e s e n t e d  p e r t i n e n t  e q u a t i o n s  f o r  t h e  i n f r a g r a v i t y  
m o t i o n s  b u t  o m i t t e d  t h e  d e t a i l e d  d e r i v a t i o n s .  An i n t e r e s t i n g  r e s u l t  was f o u n d  
i n  t h e  r e s p o n s e  o f  t h e  i n f r a g r a v i t y  m o t i o n s  t o  c h a n g e s  i n  t h e  i n c i d e n t  wave 
f i e l d .  T h e o r e t i c a l  a r g u m e n t s  p r e d i c t e d  t h a t  t h e  i n f r a g r a v i t y  a m p l i t u d e s  
s h o u l d  v a r y  l i n e a r l y  w i t h  t h e  i n c i d e n t  wave a m p l i t u d e s .  F i e l d  d a t a  c o l l e c t e d  
d u r i n g  low-  and h i g h - e n e r g y  p e r i o d s  s u p p o r t e d  t h i s  d e p e n d e n c e .  However,  
e n e r g y  i n  t h e  i n c i d e n t  wave band was l i m i t e d  i n  t h e  s u r f  z o n e  as a r e s u l t  of 
wave b r e a k i n g .  T h i s  i n d i c a t e d  t h a t  i n f r a g r a v i t y  e n e r g y  w i l l  d o m i n a t e  t h e  s u r f  
z o n e  d u r i n g  s t o r m s .  S p e c t r a l  t r a n s f o r m a t i o n s  were u s e d  f o r  g e n e r a t i n g  a s p e c -  
t r u m  a t  a p a r t i c u l a r  o f f s h o r e  l o c a t i o n  g i v e n  a w h i t e  s h o r e l i n e  s p e c t r u m  w i t h  
u n i t  e n e r g y  d e n s i t y .  C r o s s - s h o r e  ( o n s h o r e )  v e l o c i t y  s p e c t r a  e x h i b i t e d  s i g n i f -  
i c a n t  s t r u c t u r e  i n  t h e  i n f r a g r a v i t y  band .  However,  t h e  t r a n s f o r m a t i o n  showed 
t h a t  m o s t  o f  t h e  s t r u c t u r e  was a  r e s u l t  o f  i n s t r u m e n t  p o s i t i o n  a n d  d i d  n o t  
r e p r e s e n t  f r e q u e n c y  s e l e c t i o n .  T h i s  i n d i c a t e d  t h e  i m p o r t a n c e  o f  i n s t r u m e n t  
l o c a t i o n  f o r  m e a s u r i n g  i n f r a g r a v i t y  m o t i o n s .  I n  a d d i t i o n ,  i t  was n o t e d  t h a t  
a n  i n c r e a s e  i n  t h e  d i r e c t i o n a l  s p r e a d  o f  t h e  i n c i d e n t  waves would t e n d  t o  gen-  
e ra te  e d g e  waves o f  many modes. T h u s ,  i t  may b e  e a s i e r  t o  m e a s u r e  e d g e  waves 
on t h e  P a c i f i c  c o a s t ,  as opposed  t o  t h e  A t l a n t i c  c o a s t ,  where  t h e r e  is o f t e n  
n a r r o w  band  i n c i d e n t  swell which s h o u l d  p r o d u c e  o n l y  a  few low-mode e d g e  
waves .  
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T h e  a u t h o r s  p r e s e n t  a model  f o r  s o l v i n g  edge  wave m o t i o n s  on complex  
b e a c h  p r o f i l e s .  P r e v i o u s  i n v e s t i g a t i o n s  g e n e r a l l y  u s e d  a n a l y t i c a l  s o l u t i o n s  
f o r  d e s c r i b i n g  e d g e  waves.  T h e s e  s o l u t i o n s  e x i s t  o n l y  f o r  two t y p e s  o f  b e a c h  
t o p o g r a p h y ,  l i n e a r  and  e x p o n e n t i a l ,  T h i s  p a p e r  used  a n u m e r i c a l  method t o  
s o l v e  t h e  s h a l l o w - w a t e r  wave e q u a t i o n s  f o r  any  form o f  c r o s s - s h o r e  b o t t o m  p r o -  
f i l e .  T h i s  model was u s e d  t o  d e t e r m i n e  t h e  a c c u r a c y  o f  t h e  p l a n e - b e a c h  
a s s u m p t i o n  by t e s t i n g  t h e  s e n s i t i v i t y  o f  e d g e  wave c h a r a c t e r i s t i c s  ( e . g . ,  
w a v e l e n g t h  and d i s p e r s i o n )  t o  p e r t u r b a t i o n s  i n  beach  p r o f i l e s .  The n u m e r i c a l  
model  f o r  t h e  c a s e  o f  edge  waves o n  a t y p i c a l  c o n c a v e  b e a c h  was compared t o  
t h e  l i n e a r  s l o p e  a n a l y t i c a l  s o l u t i o n .  The r e s u l t s  showed t h a t  t h e  p l a n e - b e a c h  
a s s u m p t i o n  c o u l d  p r o d u c e  w a v e l e n g t h  e r r o r s  o f  a f a c t o r  o f  2 .0 .  C o n s i d e r i n g  
c o m p u t a t i o n a l  e x p e n s e ,  t h e  p l a n e - b e a c h  a s s u m p t i o n  is d e s i r a b l e  o v e r  t h e  numer- 
ical  s c h e m e .  The e r r o r s  i n  d e t e r m i n i n g  edge  wave w a v e l e n g t h s  f o r  t h e  p l a n e  
b e a c h  c a n  be g r e a t l y  r e d u c e d  w i t h  a n  a p p r o p r i a t e  c h o i c e  o f  b e a c h  s l o p e .  A 
method f o r  d e t e r m i n i n g  a n  e f f e c t i v e  beach  s l o p e  was p r e s e n t e d ,  which  was a 
g r e a t  improvement  i n  e s t i m a t i n g  t h e  edge  wave d i s p e r s i o n  r e l a t i o n  f o r  f a i r l y  
complex  t o p o g r a p h i e s .  

I n  a d d i t i o n  t o  t h e  e f fec t  o f  beach  s l o p e ,  c h a n g e s  i n  t i d a l  e l e v a t i o n s  
c a n  d r a m a t i c a l l y  a l t e r  t h e  c r o s s - s h o r e  e d g e  wave p r o f i l e  on a  c o n c a v e  b e a c h  
compared t o  a  p l a n e  b e a c h .  Edge waves f o r c e d  a t  a  p a r t i c u l a r  f r e q u e n c y  w i l l  
v a r y  i n  w a v e l e n g t h  w i t h  t h e  t i d a l  e l e v a t i o n ,  which i n  t u r n  may h a v e  a n  i n f l u -  
e n c e  o n  t h e  f o r m a t i o n  o f  r h y t h m i c  t o p o g r a p h y .  Edge wave damping o n  a t y p i c a l  
c o n c a v e  b e a c h  is a l s o  d i s c u s s e d  w i t h  a  c o n c l u s i o n  t h a t  t h e  e d g e  wave e n e r g y  
s p e c t r a  may b e  l ess  e n e r g e t i c  a t  low t i d e  t h a n  a t  h i g h  t i d e .  T h u s ,  t h i s  p a p e r  
c o v e r e d  many i m p o r t a n t  c o n s i d e r a t i o n s  i n  i n t e r p r e t i n g  f i e l d  d a t a  f o r  t h e  mea- 
s u r e m e n t  o f  e d g e  waves .  
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i n g  C o n f e r e n c e ,  American S o c i e t y  o f  C i v i l  E n g i n e e r s ,  p p  268-284.  

A f i e l d  s t u d y  i n  Nova S c o t i a  measured an  i n c r e a s e  i n  i n f r a g r a v i t y  e n e r g y  
d u r i n g  a s t o r m .  The e n e r g y  s p e c t r a  were domina ted  by a  s t r o n g  1 0 0 - s e c  p e a k  
which  r e m a i n e d  c o n s t a n t  i n  f r e q u e n c y  d e s p i t e  s i g n i f i c a n t  c h a n g e s  i n  t h e  i n c i -  
d e n t  w a v e s .  They f e l t  t h a t  l o n g s h o r e  t o p o g r a p h y  was i m p o r t a n t  i n  p r o v i d i n g  
t h e  l e n g t h  s c a l e  n e c e s s a r y  f o r  t h e  f r e q u e n c y  s e l e c t i o n .  T h e i r  o b s e r v a t i o n s  
i n d i c a t e d  t h a t  f o r  d i f f e r e n t  i n c i d e n t  wave c o n d i t i o n s  and  d i f f e r e n t  o f f s h o r e  
p r o f i l e s  e d g e  waves a d j u s t  t o  g i v e  t h e  same w a v e l e n g t h ,  a p p a r e n t l y  a r e s u l t  o f  
l o n g s h o r e  t o p o g r a p h i c  t r a p p i n g .  

Holman, R .  A . ,  and  S a l l e n g e r ,  A .  H .  1985.  " S e t u p  and  Swash o n  a  
N a t u r a l  B e a c h , "  J o u r n a l  o f  G e o p h y s i c a l  R e s e a r c h ,  Vol 9 0 ,  No. C 1 ,  
pp 945-953.  

S e t - u p  a n d  swash m e a s u r e m e n t s  were made f rom a  d a t a  s e t  o f  154 r u n - u p  
time s e r i e s  w i t h  a  wide  v a r i a t i o n  i n  t h e  r e l e v a n t  p a r a m e t e r s .  I n c i d e n t  wave 
h e i g h t s  r a n g e d  f rom 0 . 4  t o  4 . 0  m ,  p e r i o d s  r a n g e d  f rom 6  t o  16 sec,  a n d  f o r e -  
s h o r e  s l o p e  6 v a r i e d  by a  f a c t o r  o f  2 .  Runup was found  t o  c o r r e l a t e  w i t h  t h e  



s u r f  zone  s i m i l a r i t y  pa rame te r  ( o r  I r r i b a r e n  number) ,  c0 = 6(Ho/Lo) 
-( 112) 
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where Ho and Lo a r e  t h e  r e s p e c t i v e  deep-water  wave h e i g h t  and wave leng th .  
Energy s p e c t r a  o f  swash o s c i l l a t i o n s  were s e p a r a t e d  i n t o  two bands ( i n c i d e n t  
waves w i t h  f r e q u e n c i e s  above 0 .05  Hz, and an i n f r a g r a v i t y  band f o r  f r e q u e n c i e s  
below 0 .05  H z ) .  For  low I r r i b a r e n  numbers ( e . g . ,  l a r g e  i n c i d e n t  waves o r  low 
beach  s l o p e ) ,  t h e  i n c i d e n t  band swash was s a t u r a t e d .  However, f o r  low 
I r r i b a r e n  numbers t h e  i n f r a g r a v i t y  band showed no  s a t u r a t i o n ,  and t h e  i n f r a -  
g r a v i t y  ene rgy  i n c r e a s e d  w i t h  an i n c r e a s e  i n  t h e  i n c i d e n t  wave h e i g h t s .  For  
l a r g e  I r r i b a r e n  numbers, n e i t h e r  band was s a t u r a t e d .  Thus ,  t h e  i n f r a g r a v i t y  
band was shown t o  dominate  t h e  swash ene rgy  f o r  low v a l u e s  o f  5 below 1.75 

0 l f o r  t h i s  s t u d y .  The d i m e n s i o n l e s s  pa rame te r  ( v e r t i c a l  s i g n i f i c a n t  swash 
h e i g h t  d i v i d e d  by t h e  o f f s h o r e  s i g n i f i c a n t  h e i g h t )  was found t o  be  a  good 
p a r a m e t e r i z a t i o n  o f  t h e  swash p r o c e s s  when compared t o  t h e  I r r i b a r e n  number. 

Hun t l ey ,  D .  A . ,  Guza, R ,  T . ,  and Thorn ton ,  E .  B .  1981. " F i e l d  
O b s e r v a t i o n s  o f  S u r f  B e a t ;  1 .  P r o g r e s s i v e  Edge Waves," J o u r n a l  o f  
Geophys i ca l  Research ,  Vol 8 6 ,  No. C 7 ,  pp 6451-6466. 

T h i s  p a p e r  was t h e  f i r s t  t o  o f f e r  c o n c l u s i v e  e v i d e n c e  f o r  t h e  e x i s t e n c e  
o f  e d g e  waves u s i n g  an a l o n g s h o r e  a r r a y  o f  b i d i r e c t i o n a l  c u r r e n t  m e t e r s .  Pro-  
g r e s s i v e  edge  waves were measured by computing f -k  s p e c t r a .  The r e s o l u t i o n  o f  
t h e s e  s p e c t r a  was i n c r e a s e d  by employing t h e  Maximum L i k e l i h o o d  E s t i m a t o r .  
From t h e i r  o b s e r v a t i o n s  i t  was e v i d e n t  t h a t  p r o g r e s s i v e  edge waves were  p r e s -  
e n t  w i t h  s i g n i f i c a n t  a m p l i t u d e  i n  t h e  s u r f - z o n e  v e l o c i t y  f i e l d .  A t  least  
30 p e r c e n t  o f  t h e  l o n g s h o r e  c u r r e n t  energy  was i n  t h e  form o f  p r o g r e s s i v e  e d g e  
waves. 

T h i s  pape r  r e a d s  w e l l ,  n o t  overwhelming t h e  r e a d e r  w i t h  d e t a i l e d  d e r i v a -  
t i o n s  and numerous e q u a t i o n s ,  and p r o v i d e s  s u f f i c i e n t  i n f o r m a t i o n  d e s c r i b i n g  
t h e  a n a l y s i s  t e c h n i q u e s .  In a d d i t i o n ,  a  r e l a t i v e l y  c o n c i s e  b u t  t ho rough  
i n t r o d u c t i o n  o f  p r e v i o u s  i n f r a g r a v i t y  s t u d i e s  is i n c l u d e d .  Most o f  t h e  a r t i -  
c l e  p r e s e n t e d  and d i s c u s s e d  t h e  r e s u l t s  o f  t h e  f i e l d  measurements ,  and 
d e s c r i b e d  t h e  r e l a t i v e  impor tance  o f  t h e  d i f f e r e n t  s o u r c e s  o f  s u r f - b e a t  e n e r g y  
( i . e . ,  p r o g r e s s i v e  o r  s t a n d i n g  edge  waves, o r  l e a k y  waves) .  

H u n t l e y ,  D .  A .  1976. "Long-Period Waves on a N a t u r a l  Beach ,"  
J o u r n a l  o f  Geophys i ca l  Resea rch ,  Vol 8 1 ,  No. 36 ,  pp 644 1-6449. 

T h i s  a r t i c l e  was one  o f  t h e  f i r s t  t o  p r o v i d e  d e f i n i t i v e  e v i d e n c e  f o r  
edge  waves a t  s u r f - b e a t  f r e q u e n c i e s  on a  n a t u r a l  beach .  Data  were o b t a i n e d  
w i t h  3 two-component c u r r e n t  s e n s o r s  a l i g n e d  a l o n g  a l i n e  normal t o  t h e  s h o r e -  
l i n e  o u t  t o  100 m o f f s h o r e .  Near t h e  s h o r e l i n e  i n f r a g r a v i t y  ene rgy  dominated  
o v e r  t h e  i n c i d e n t  wave e n e r g y .  The amount o f  i n f r a g r a v i t y  ene rgy  d e c r e a s e d  as 
t h e  d i s t a n c e  from t h e  s h o r e  i n c r e a s e d .  The o b s e r v a t i o n  o f  p r o g r e s s i v e  low- 
mode edge  waves was s u g g e s t e d  by matching  t h e  measured v e l o c i t y  decay  and  
phase  r e l a t i o n s  t o  t h e o r e t i c a l  low-mode edge  waves.  The f o u r  l o w e s t - f r e q u e n c y  
s p e c t r a l  peaks  a g r e e d  w e l l  w i t h  t h e  c a l c u l a t e d  f r e q u e n c i e s  o f  edge waves prop-  
a g a t i n g  a t  t h e  c u t o f f  f r e q u e n c i e s  f o r  t h a t  beach .  An e x p l a n a t i o n  f o r  t h e  
o c c u r r e n c e  o f  c u t o f f  edge  waves is t h a t  t hey  a r e  s t r o n g l y  r e s o n a n t .  Another  
e x p l a n a t i o n  p r e s e n t e d  is a n  energy  exchange between c u t o f f  modes t h r o u g h  non- 
l i n e a r  i n t e r a c t i o n s .  A d e f i n i t e  c o n c l u s i o n  c o u l d  n o t  be made f o r  t h e  g e n e r a -  
t i o n  o f  t h e s e  c u t o f f  edge  waves. 



H u n t l e y ,  D .  A . ,  a n d  Bowen, A .  J .  1975.  " F i e l d  O b s e r v a t i o n s  o f  
Edge Waves a n d  T h e i r  E f f e c t  on Beach M a t e r i a l , "  J o u r n a l  o f  t h e  
G e o l o g i c a l  S o c i e t y ,  London, Vol 131,  p p  69-81. 

D i r e c t  m e a s u r e m e n t s  o f  t h e  n e a r s h o r e  v e l o c i t y  f i e l d  p r o v i d e d  t h e  f i r s t  
f i e l d  e v i d e n c e  o f  s h o r t - p e r i o d  e d g e  waves.  T h e s e  e d g e  waves were o b s e r v e d  a t  
t h e  f i r s t  s u b h a r m o n i c  ( 0 / 2 )  o f  t h e  i n c i d e n t  wave f r e q u e n c y  a . T h e s e  were 
v e r i f i e d  t o  b e  s u b h a r m o n i c  e d g e  waves by m a t c h i n g  t h e  o f f s h o r e  d e c a y  o f  e n e r g y  
w i t h  t h e  p r e d i c t e d  d e c a y  f o r  a  mode z e r o  e d g e  wave and t h e  z e r o  p h a s e  s h i f t  
b e t w e e n  t h e  o n s h o r e  a n d  l o n g s h o r e  v e l o c i t i e s .  The d i s p e r s i o n  r e l a t i o n s h i p  f o r  
a n  e x p o n e n t i a l  b e a c h  was u s e d  f o r  t h e  d e t e r m i n a t i o n  o f  v e l o c i t y  d e c a y  o f f s h o r e  
a n d  t h e  p h a s e  r e l a t i o n s h i p s .  I t  was s u g g e s t e d  t h a t  e d g e  waves were formed  by 
i n t e r a c t i o n s  o f  i n c i d e n t  waves on t h e  s h o r e  w i t h  t h e  backwash.  O b s e r v a t i o n s  
o f  backwash  and  upwash i n t e r a c t i o n  w i t h  i n c i d e n t  b r e a k i n g  waves would r e s u l t  
i n  a s e q u e n c e  o f  h i g h  b r e a k e r s  which had  a r e p e a t  c y c l e  a t  t h e  f i r s t  h a r m o n i c  
o f  t h e  i n c i d e n t  waves ( c f .  Mase 1 9 8 8 ) .  

I s a a c s ,  J .  D . ,  W i l l i a m s ,  E .  A . ,  and  E c k a r t ,  C. 1951.  " T o t a l  
R e f l e c t i o n  o f  S u r f a c e  Waves by Deep Water," T r a n s a c t i o n s ,  American 
G e o p h y s i c a l  Union,  Vol 3 2 ,  No. 1 ,  pp 37-40. 

The a u t h o r s  were t h e  f i r s t  t o  d e s c r i b e  a mechanism by which  e d g e  waves  
are p r o d u c e d  and  t r a p p e d  t o  t h e  s h o r e l i n e .  F o r  s u r f a c e  g r a v i t y  waves  g e n e r -  
a t e d  i n  s h a l l o w  w a t e r  and  p r o p a g a t i n g  o f f s h o r e ,  i t  was shown t h a t  t h e y  c a n  b e  
r e f r a c t e d  s o  t h a t  t h e y  are  t o t a l l y  r e f l e c t e d  f rom d e e p  w a t e r .  S t a n d i n g  waves 
a r e  p r o d u c e d  a t  r e s o n a n t  f r e q u e n c i e s ,  a l t e r n a t e l y  r e f l e c t i n g  f rom t h e  b e a c h  
and  f r o m  d e e p  w a t e r .  T h i s  a r t i c l e  is e a s y  t o  r e a d ,  r e c o g n i z e s  i m p o r t a n t  f e a -  
t u r e s  i n  t h e  p r o d u c t i o n  o f  e d g e  waves,  and  would b e  e x c e l l e n t  f o r  t h e  r e a d e r  
u n f a m i l i a r  w i t h  e d g e  waves .  

Mase, H .  1988.  " S p e c t r a l  C h a r a c t e r i s t i c s  o f  Random Wave Runup,"  
C o a s t a l  E n g i n e e r i n g ,  Vol 1 2 ,  No. 2 ,  pp 175-189. 

Run-up m e a s u r e m e n t s  were made on u n i f o r m  b e a c h  s l o p e s  r a n g i n g  be tween  
1 / 5  a n d  1 / 3 0  u s i n g  a wave f l u m e .  Run-up s p e c t r a  e x h i b i t e d  t h e  phenomena o f  
e n e r g y  s a t u r a t i o n  i n  t h e  i n c i d e n t  f r e q u e n c i e s ,  i m p l y i n g  t h a t  t h e  r u n - u p  e n e r g y  
a t  t h e  i n c i d e n t  wave f r e q u e n c i e s  is i n d e p e n d e n t  o f  t h e  i n c i d e n t  wave e n e r g y .  

I n  t h i s  s a t u r a t i o n  r e g i o n ,  t h e  s p e c t r a  h a v e  a  f - 4  d e p e n d e n c e  a n d  a t a n 4  0 
d e p e n d e n c e  ( f  is f r e q u e n c y ,  t a n  9 is b e a c h  s l o p e ) .  A t  low f r e q u e n c i e s  t h e  
e n e r g y  was n o t  s a t u r a t e d  and  low-f requency  run-up  e n e r g y  i n c r e a s e d  w i t h  i n c i -  
d e n t  wave e n e r g y .  I n  a d d i t i o n  t o  t h e  e x p e r i m e n t a l  s t u d y ,  n u m e r i c a l  s i m u l a t i o n  
o f  r u n - u p  time se r ies  f o u n d  l o w - f r e q u e n c y  run-up components  a n d  h i g h - f r e q u e n c y  
s a t u r a t i o n  t h a t  a g r e e d  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  The s i m u l a t e d  time h i s -  
t o r y  o f  run-up  v a r i a t i o n s  was made by s u p e r p o s i t i o n  o f  p a r a b o l a s .  The  a u t h o r  
c o n s i d e r e d  t h a t  u p - r u s h  a n d  down-rush o f  b o r e s  on t h e  b e a c h  h a v e  a l e a d i n g  
e d g e  w i t h  a p a r a b o l i c  s h a p e .  Thus ,  it was shown t h a t  t h e  i n t e r a c t i o n  o f  t h e  
u p - r u s h  and  down-rush b o r e s  are o n e  c a u s e  o f  l o w - f r e q u e n c y  run-up  c o m p o n e n t s .  



Meadows, G .  A . ,  Shuchman, R .  A . ,  and  Lyden ,  J .  D .  1982. " A n a l y s i s  
o f  Remotely Sensed  Long-Period Wave M o t i o n s , "  J o u r n a l  o f  Geophys-  
i c a l  R e s e a r c h ,  Vol 87, No. C8, pp 5731-5740. 

I n f r a g r a v i t y  waves w i t h  p e r i o d s  between 15 and  200 sec were m e a s u r e d  
w i t h  s y n t h e t i c  a p e r t u r e  r a d a r  (SAR). Data o b t a i n e d  i n  t h e  n e a r s h o r e  r e g i o n  of 
Lake  M i c h i g a n  i n d i c a t e d  t h a t  t h e  i n f r a g r a v i t y  m o t i o n s  were a f o r c e d  r e s p o n s e  
f r o m  i n t e r a c t i o n s  o f  wind g e n e r a t e d  i n c i d e n t  waves .  The r e s u l t s  compared  
f a v o r a b l y  w i t h  a n  i n  s i t u  wave g a g e .  T h i s  p a p e r  d e m o n s t r a t e d  t h a t  r e m o t e  
s e n s i n g  w i t h  SAR was c a p a b l e  o f  m e a s u r i n g  s m a l l - a m p l i t u d e ,  l o w - f r e q u e n c y  waves 
( s u r f  b e a t s ) .  However, t h e  d a t a  d i d  n o t  p r o v i d e  a c t u a l  wave h e i g h t  i n f o r m a -  
t i o n ,  a n d  t h e  e x a c t  t r a n s f e r  f u n c t i o n  f o r  SAR r e t u r n s  f rom wave h e i g h t s  was 
n o t  known. 

Oltman-Shay,  J . ,  and Guza,  R .  T. 1987.  " I n f r a g r a v i t y  Edge Wave 
O b s e r v a t i o n s  on Two C a l i f o r n i a  Beaches  , I t  J o u r n a l  o f  P h y s i c a l  
O c e a n o g r a p h y ,  Vol 1 7 ,  pp 644-663.  

S u r f - z o n e  wave v e l o c i t y  d a t a  were o b t a i n e d  f rom l o n g s h o r e  a r r a y s  o f  
b i a x i a l  e l e c t r o m a g n e t i c  c u r r e n t  meters f o r  two d i f f e r e n t  C a l i f o r n i a  b e a c h e s .  
Wave number - f requency  s p e c t r a  o f  t h e  i n f r a g r a v i t y  wave f i e l d  were computed  
f r o m  15 d a y s  o f  d a t a .  R e s o l u t i o n  o f  t h e  f - k  s p e c t r a  was i n c r e a s e d  by employ-  
i n g  Maximum L i k e l i h o o d  E s t i m a t o r  (MLE). Low-mode ( n  < 2 )  e d g e  waves w e r e  
f o u n d ,  o n  t h e  a v e r a g e ,  t o  c o n s t i t u t e  6 9  p e r c e n t  o f  t h e  l o n g s h o r e  c u r r e n t  v a r i -  
a n c e ,  17 p e r c e n t  o f  t h e  c r o s s - s h o r e  c u r r e n t  and  s h o r e l i n e  swash v a r i a n c e .  The 
c r o s s - s h o r e  v e l o c i t y  s p e c t r a  were b e l i e v e d  t o  a l s o  c o n t a i n  u n r e s o l v a b l e  h i g h -  
mode e d g e  a n d  l e a k y  waves.  

The p a p e r  c o n t a i n s  a  c o n c i s e  and  d e s c r i p t i v e  i n t r o d u c t i o n  on t h e  h i s t o r -  
i ca l  d e v e l o p m e n t  o f  i n f r a g r a v i t y  wave m o t i o n  t h e o r y  and  o b s e r v a t i o n s .  A s e c -  
t i o n  was i n c l u d e d  which d i s c u s s e d  t h e  MLE method o f  o b t a i n i n g  h i g h - r e s o l u t i o n  
wave number s p e c t r a  f rom r e l a t i v e l y  s h o r t  a r r a y s ,  a s  well as a n  a p p e n d i x  exam- 
i n i n g  t h e  e s t i m a t o r ' s  c a p a b i l i t i e s  and  r e l i a b i l i t y  w i t h  s y n t h e t i c  test s p e c -  
t r a .  I n  a d d i t i o n  t o  e x a m i n i n g  t h e  i n f r a g r a v i t y  e n e r g y  i n  t h e  s u r f  z o n e ,  a 
s e c t i o n  d e s c r i b e s  e d g e  wave e n e r g y  a t  t h e  s h o r e l i n e  measured  as r u n u p .  A l s o ,  
t h e  a s s u m p t i o n  o f  a p l a n e  b e a c h  and  t h e  p r e s e n c e  o f  mean l o n g s h o r e  c u r r e n t s  
were shown t o  h a v e  a  s m a l l  b u t  d e t e c t a b l e  e f fect  on t h e  measured  e d g e  wave 
d i s p e r s i o n  c u r v e s .  



APPENDIX B :  NOTATION 

k and  o 

L and  T 

x and  y  

S h o r e l i n e  a m p l i t u d e  

G r a v i t y  

I n c i d e n t  s i g n i f i c a n t  deep-water  wave h e i g h t  

Ze ro th  o r d e r  B e s s e l  f u n c t i o n  

Longshore wave numbers, 6n/L 

Longshore wave numbers, r a d i a l  f r equency  

Longshore wavelength  

Longshore wave leng th ,  p e r i o d  

Deep-water wavelength  

Lague r r e  polynomia l  o f  o r d e r  n  

Mode number 

Time 

0 ,  s h o r e l i n e ,  i n c r e a s e  o f f s h o r e  

Cross - sho re ,  l o n g s h o r e  c o o r d i n a t e s  

P l a n e  beach o f  s l o p e  

E l e v a t i o n  

S u r f - s i m i l a r i t y  pa rame te r  ( I r r i b a r e n  number) 

6 n / L  

Cros s - sho re  a m p l i t u d e  f u n c t i o n  

Nondimensional o f f s h o r e  d i s t o n e r  
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